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Abstract 
Expensive active management programs are increasing worldwide, while resources for 
conservation remain scarce. There is a need to evaluate management actions, so that scarce 
resources are used more cost-effectively. We evaluate the effectiveness of alternative 
interventions to protect Montagu´s harrier nests in Spanish farmlands. The species is under 
intensive management across Europe owing to high rates of nest destruction during 
mechanical harvesting operations. We use a novel approach, combining Latin hypercube 
sampling and population viability analysis in order to evaluate the impact of alternative 
protection interventions on populations’ persistence across a whole range of resource 
allocation scenarios. We also report estimates of financial management costs for different 
protection interventions. 

Our results clearly show that, in absence of nest protection, Spanish harrier populations 
would collapse to levels close to extinction within 20 years. The most cost-effective 
protection measures among those evaluated were the relocation or removal of the chicks and 
harvest delay, although this varied according to region and context. Interestingly, retention of 
a small un-harvested buffer around the nest, despite being widely implemented across Spain, 
was less cost-effective than the other two measures. 

Overall, we provide evidence about what measure is most effective in each studied region 
and what proportion of nests should be protected with such effective measure to maintain 
viable populations in the medium term. We also estimate how much this effort would cost to 
local administrations. This is a clear example of how cost-effectiveness analyses link to 
applied conservation and resource allocation. 

 

Key-words: conservation spending, ecological economics, Circus pygargus, evidence-based 
conservation, raptors, agricultural intensification 

 

Highlights: 

• We assess cost-effectiveness of nest protection for Montagu’s harrier in farmland 
• We used population viability analysis to evaluate effectiveness of actions 
• In absence of nest protection, most populations are deemed to extinction 
• Most cost-effective measures varied among regions  
• Our approach can help allocating  resources to protect regional populations  
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1. Introduction 
Evaluating the effectiveness of conservation actions is crucial because resources to tackle the 
current biodiversity crisis are insufficient (Ferraro and Pattanayak 2006; McCarthy et al. 
2012). Knowing which intervention provides the best outcome at the lowest cost is 
fundamental in order to take appropriate evidence-based decisions (Sutherland et al. 2004) 
and prevent development of dogmas in conservation (Martínez-Abraín and Oro 2013). 
Despite their immense importance, evaluations of effectiveness are still insufficiently 
undertaken in conservation. As a consequence, the field of conservation biology lags far 
behind other disciplines, like medical science, which develops through the practice of 
systematic review of the evidence (Sutherland et al. 2004). 

Throughout Europe, traditional farm management practices have created and shaped novel 
agricultural landscapes over recent millennia. A community of open grassland taxa has 
progressively been able to adapt and expand into these new habitats (Tucker and Evans 
1997). This community is now under severe threats due to the recent intensification of 
agricultural practices (Donald et al. 2001). Such intensification is mostly achieved through 
increased mechanization, use of new crop varieties, and widespread use of inorganic inputs 
aimed at increasing production (Pain and Pienkowski 1997). 

Ground-nesting farmland birds are heavily impacted by the intensification of farming 
practices, e.g. by harvesting operations causing nest destruction, and active management 
schemes may thus be developed to prevent population declines (Grüebler et al. 2012). One of 
such actively managed species is the Montagu’s harrier (Circus pygargus), a ground-nesting 
raptor that nowadays mostly breeds in cropland across Europe (Arroyo et al. 2003). In 
western Europe, an average of 60% of nestlings of this species are unfledged at harvest time, 
thus being at high risk of being killed by mechanical harvesting in absence of nest protection 
measures. Such losses would have strong detrimental consequences at the population level 
(Arroyo et al. 2002). Different interventions to reduce nestling loss have been adopted since 
the late 20th century in many Western European countries including Spain (Arroyo et al. 
2003), which holds ca. 25% of the European population of the species excluding Russia 
(Arroyo and García 2007). 

To date, despite many practitioners paying much attention to the conservation of Montagu´s 
harriers, a thorough assessment of the effectiveness, relative to the costs, of adopted 
protection measures is still lacking. It is therefore timely and relevant to fill this gap, so that 
we can learn from past actions and take better conservation decisions in the future. Such 
assessment is critically needed, particularly in light of conservation resource cuts under 
current economic crisis in Europe, whereas conservation needs steadily increase. 

In this study, we evaluate the effectiveness of different interventions to protect Montagu´s 
harrier nests from destruction due to mechanical harvesting in Spain. Specifically, we 
compare productivity at nests under three protection measures (nestlings’ relocation or 
temporary removal during harvest; harvest delay following negotiation with farmers; 
retention of an un-harvested buffer around the nest) with that of unprotected nests. We also 
quantify the costs of each intervention and use them to present a cost-effectiveness analysis 
for the alternative interventions. Finally, we employ a novel approach using Latin hypercube 
sampling in combination with population viability analysis (PVA), to evaluate the 
effectiveness of interventions along a gradient of increasing management effort to achieve 
medium term population viability at the regional scale. Latin hypercube sampling is a method 
that allows to randomly sample values so as to cover the entire parameter space within a 
realistic range of values (Iman et al. 1981). In population demography, this method has been 
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so far used only for sensitivity analyses (e.g. Fordham et al. 2012), while we here explicitly 
incorporate it into a PVA process to allow testing the effectiveness of interventions across a 
continuous gradient of resource allocation scenarios. 

We expect our results to be useful to regional conservation practitioners when making 
decisions about resource allocation for this species. Further, we expect the approach to serve 
as an example for similar evaluation studies with other species in need of active management. 

  

2. Methods 

2.1 Study areas 
The study was conducted in Spain, within the Regions of Andalucia, Aragon, Catalunya, 
Extremadura and Madrid (Fig. 1). 

The Montagu’s harrier is a common breeder throughout Andalucia, Extremadura and Madrid 
(Arroyo and García 2007), where over 95% of the nests are in cereal fields. In Aragon and 
Catalunya, the breeding distribution is less homogeneous, and more than 25% of birds breed 
in natural vegetation (Arroyo and García 2007). Only data from birds breeding in farmland is 
included in this study. In Catalunya, data is thus limited to that of one province (Lleida); here, 
an important proportion of birds breed in irrigated cereal and fodder crops since 2005, in 
addition to dry cereal (Catalan Wildlife Service unpubl. data). 

Within these Regions, study sites were selected opportunistically, based on the availability of 
information (see below and Table S1). The average size of each site was highly variable, 
from ca. 200 km2 to more than 2000 km2. 

 

2.2 Adopted conservation measures 
The adopted interventions to protect Montagu´s harrier nests were: 1) temporary removal of 
nestlings during harvesting and subsequent relocation to the same place, by building a nest-
like structure with straw and other material; 2) nestlings’ relocation few days before harvest 
to a nearby field edge or un-harvested plot; 3) retention of an un-harvested buffer around the 
nest; this is usually very small (ca. 4 m2, sometimes up to 16 m2), and sometimes surrounded 
by an electric fence; 4) harvest delay, where agreements with the farmers are made for 
postponing the harvest time of the whole field or a large portion (at least ½ ha); 5) captive 
rearing and subsequent nestlings’ release. The outcome of the latter was not documented in 
the studies, and thus we excluded it from our analyses. 

We pooled interventions 1 and 2 into a single category (hereafter “removal or relocation”) 
owing to their small sample and similarity: both involve locating and visiting a nest, and 
handling and relocating chicks around harvest time. Similarly, data for buffers surrounded by 
electric fences were very scarce. Observed productivity was similar for nests protected with a 
buffer alone or with a fenced buffer (average ± SD: 1.53 ± 0.94 and 1.68 ± 0.77, 
respectively). We pooled all nests protected with a buffer into a single category (hereafter 
“buffer”). 

 



5 
 

2.3 Data collection 
We compiled all published documents we could find (e.g. papers in national or international 
journals, or proceedings of national harrier conferences) reporting the productivity of 
Montagu´s harrier nests under different interventions in Spain (see Table S1 and Appendix 
A). We used only data from studies where the productivity of unprotected nests was also 
reported. From these, we extracted the total number of nests under each intervention or 
unprotected for each study year and site, and total number of chicks fledged in each case. We 
then calculated the number of fledglings over the number of monitored nests (hereafter 
“productivity”) for each intervention in each site and year. When some information was 
missing or unclear from detected documents, we contacted the authors for more details. In 
three such occasions, authors also provided further data from years after the document was 
issued (Table S1). Long-term unpublished data from Catalunya were provided by the head of 
the conservation program (Manel Pomarol, Catalan Government Wildlife Service) after being 
approached for details in Pomarol et al. (1995; in Appendix A). 

We obtained data on laying and harvest date for each site and year mostly from above 
mentioned documents, or from other published studies from the same site. When that 
information was not found, it was requested from the authors of the studies. In many cases, 
laying date was relatively accurate, but the accuracy of harvest date was rather coarse, to the 
one or two weeks accuracy level, because often it referred to average dates for the site/region. 

Data on direct costs for each conservation measure were obtained from the relevant 
publications (Appendix A) or from the authors (e.g. Manel Pomarol for Catalunya). 
Information on fieldwork costs (man-days / nest) was rather scarce in the literature. We 
estimated it based on own experience. We detail the costs of each intervention in the results 
section and provide figures in the supplementary material regarding the change in costs under 
different conditions for one of the studied regions (Figure S1). 

 

2.4 Statistical analyses 
We constructed linear mixed models (normal distribution and identity link) using 
productivity as the response variable. Denominator degrees of freedom were calculated using 
the Kenward Roger method. We considered productivity separately for each protection type 
within each site and year (hereafter, a “sample unit”). As predictors we included protection 
type (categorical variable with four classes: removal/relocation, buffer, harvest delay, 
unprotected), difference harvest - laying date (continuous variable) and the interaction 
between these two. The difference harvest - laying date was tested as a proxy of nest stage at 
harvest time. A small difference (i.e. harvest occurs early within the breeding cycle) means a 
longer exposure period to weather/predators after harvest, which may influence nest success 
even when a nest is protected from harvesting activities (Corbacho et al. 1999). The 
interaction between the latter variable and protection type aimed to test whether the relative 
effect of certain interventions on productivity varied along the gradient of harvest-laying date 
difference. We hypothesized that buffers, which remain rather conspicuous after harvest, 
could be less effective than harvest delay when harvest occurs very early in the breeding 
cycle. Alternatively, if harvest occurs close to fledging time, we would expect the two 
interventions to be similarly effective. 

We used post-hoc tests (corrected with Tukey-Kramer method) to compare the productivity 
between nests under each protection type and unprotected nests. Because our data included 
multiple observations within each site and year, we included site identity nested within year 
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as a random term, and also year as a separate random variable to account for unexplained 
between-year variation in productivity. The response variable (No. fledglings / No. nests) was 
obtained from a highly variable number of nests (from 1 to 124) under each protection type 
per site and year (our sample unit). We accounted for this heterogeneity by including the 
number of nests (log transformed: Ln (X + 1)) as a weighted variable, so that observations 
based on a larger number of nests were given more weight than those based on fewer nests. 
Overall, a total of 177 sample units were available for analyses. The data refers to ten sites 
within the five regions (see above), and span across the period 1986 - 2011 (Figure 1 and 
Table S1). 

Our design was somewhat unbalanced because not all three protection types were 
implemented in each site and year, as opposed to unprotected nests which were available in 
each case (see Table S1). To confirm the robustness of our final results against this possible 
unbalance, we run additional analyses using the same structure as the models above, but 
contrasting each of the three protection measures separately against the unprotected nests 
from the same year and site. The results of these additional analyses are shown in the 
supporting Table S2. 

The model’s residuals were all normally distributed. All above analyses were performed 
using Proc Mixed procedure in SAS 9.2 (SAS Institute, Cary, NC, USA). 

 

2.5 Population viability analyses 
To quantify the effectiveness of each protection measure for the viability of the populations 
within each of the five regions, we performed population viability analysis (PVA), using 
RAMAS Metapop 5.0 software (Akcakaya 2005). We run PVA in combination with Latin 
hypercube sampling (Iman et al. 1981); we detail this approach below. 

A monogamous breeding system was included in the simulations. Males and females were 
included as separate matrices. We set a total of seven stage classes, three for females and four 
for males (Table S3) according to knowledge on the species biology (Arroyo et al. 2004). 
Survival of juveniles of both sexes was set to 0.62 based on data from juveniles tagged with 
satellite transmitters in Castellon, Spain (Arroyo 2009), while the standard deviation was 
conservatively set to 20% as in (Arroyo et al. 2002); Table S3). For adult survival, a study 
from France based on wing-tagged birds (Millon and Bretagnolle 2008) reported estimated 
values of 0.81 and 0.67 for females and males, respectively, but these values may be 
underestimated as the probability of visual recaptures decreases if birds disperse. We set 
survival values to 0.85 for female and 0.80 for male (±7% SD). These values are close to the 
adult survival of 0.80 assumed in Arroyo et al. (2002), while retain a difference between the 
sexes as in Millon and Bretagnolle (2008; Table S3). In the model, only adults were allowed 
to reproduce, while all other life stages were capable of dispersing. Fecundity was calculated 
as the product of sex ratio (assumed as 50:50), proportion of breeding females (set as 0.9) and 
productivity (average number of fledglings per nest). We calculated fecundity for each 
scenario (see below) based on observed productivity values in each region for nests under 
each protection measure and unprotected (Table S4) following the equation described above. 

We considered populations within each of the five regions as single units of a 
metapopulation. Initial size of each of the five populations was set as the minimum estimate 
for the population breeding in farmland in each area in 2006 (Arroyo and García 2007) plus 
an additional 10% non-breeding sub-adults which were missing from that count (Table S5). 
We imposed a dispersal matrix based on the distance among populations (Akcakaya 2005; Di 
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Minin et al. 2013), whereby populations closer than 600km to each other were connected by 
1% dispersal, and by 0% dispersal if farther apart (following Limiñana et al. 2012; Table S6). 
For density dependence, a ceiling model was used that affected all vital rates and based on 
abundance of all stages. Carrying capacity (±15% SD) was set to be 10% higher than the 
upper estimated population size per region in 2006 (Arroyo and García 2007). Demographic 
stochasticity was included by sampling the number of survivors from a binomial distribution, 
and number of offspring from a Poisson distribution (Akcakaya 2005). Environmental 
stochasticity was modelled by drawing values randomly from lognormal distributions 
described by the fecundity and survival values and their associated standard deviations 
(Akcakaya 2005). 

In order to capture the whole range of protection effort scenarios, we used Latin hypercube 
sampling for scenario setting followed by PVA. For the former, we simultaneously varied the 
proportion of nests under each protection and non-protection measure by randomly sampling 
values following a uniform distribution. This was done separately for each region. We 
obtained 100 scenarios, each with a randomly sampled value for the proportion of nests under 
each protection type, so that all values for each scenario would sum to one within each 
region. For each scenario, we calculated a region-specific fecundity value that included the 
combination of different proportions of nests under each protection and non-protection 
measure in that region. The five fecundity values (one per region) for each scenario were then 
inputted in simulations. For each PVA, we projected each of the five populations for 20 
years, and recorded the mean final population size in each region. A short simulation period 
(20 years) was assumed to be a realistic trade-off between the species response to protection 
and rapid changes in the socio-ecological environment that may undermine the certainty in 
long term population projections. We set 1000 replications per iteration. We then fit a 
separate Poisson general linear model (GLM) per region using the mean final population size 
for that region as the response, and proportion of nests under each intervention as fixed 
effects. Because the predictors, proportion of protected and unprotected nests per scenario 
and region, were earlier set to sum to one, they were all correlated. Hence, we transformed 
them as follows: Log(proportion of protected nests under each measure / unprotected). The 
log of the ratio does not accept a denominator to be zero, thus we constrained the sampled 
values of each scenario between 0,005 and 0,995. Marginal amounts of overdispersion (all < 
15) in the GLMs were treated by correcting the standard errors and relative significance tests 
based on the dispersion parameter (Zuur et al. 2009). The GLMs were run in R version 3.0.1 
(R Core Development Team 2012). 

Finally, we ran sensitivity analyses, starting from a default scenario (assuming protection of 
all nests in each region), by varying all parameters in the stage matrix simultaneously, and 
one at each time (fecundity, adult and juvenile survival) as well as dispersal, by ±5 and 10% 
(Di Minin & Griffiths 2011). We tested the significance of changes in each parameter on the 
results with a Kolmogorov-Smirnov test. Sensitivity analyses and tests were run in RAMAS 
GIS 5.0 (Akcakaya 2005) and their results reported in supplementary material. 

 

3. Results 

3.1 Effectiveness of protection interventions 
Nest protection measures significantly improved Montagu’s harrier productivity (Table 1). 
Nests under harvest delay, removal/relocation and buffer had significantly higher 
productivity (least-square mean ± SE: 1.89 ± 0.12, 1.95 ± 0.16 and 1.45 ± 0.13, respectively) 
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than unprotected nests (1.03 ± 0.11; difference between each of the three interventions and 
non-protection: adjusted p < 0.05 for all the three pair-wise comparisons). 

In addition, productivity increased as the difference between harvest and laying date grew 
bigger irrespective of the protection status of a nest (as the non-significant interaction 
indicates; Table 1 and Figure 2). This suggests negative impacts of harvest operations when 
crop harvesting occurs early in the nesting cycle and thus the chicks will spend more time at 
the nest after harvest, even when protection occurs. 

All above results were confirmed when the data were analysed by separately contrasting each 
protection measure against the unprotected nests available for the same year and site (see 
Supporting Table S2). However, in these additional analyses, the estimated productivity for 
buffer was slightly higher (mean = 1.60; Supporting Table S2) compared to the main results 
(see above). 

 

3.2 Cost-effectiveness of protection interventions 
We then associated costs to the productivity values for each intervention. According to a 
breakdown of costs and benefits for each protection measure (Table 2), the most cost-
effective strategy (i.e., the one leading to the highest extra productivity per monetary unit 
spent) appeared to be harvest delay. However, this was true only in those conditions where 
cereal productivity, and thus compensation payment, was low, and several nests were found 
in the same field (i.e. high level of coloniality; see Figure S1 for an example from 
Extremadura). Harvest delay was the least cost-effective measure when nests are isolated and 
located in productive crops (e.g. alfa alfa), owing to very high protection costs (Table 2). 
Removal/relocation appeared to be more cost-effective than buffer, largely owing to the 
higher associated productivity per nest of the former compared to the latter. These 
evaluations were, however, sensitive to the estimated amount of labour needed for each 
protection measure. Differences between strategies were smaller when labour cost was higher 
(Table 2). 

 

3.3 Resource allocation to maintain viable populations and overall costs  
We report the relative contribution of interventions in enhancing the population size of 
Montagu’s harrier after 20 years of simulation in the five regions (Table 3), taking non-
protection as the reference point. According to the models’ results (based on the log ratio 
between protection measure / unprotected), protection significantly increased final population 
size in most regions (positive coefficients in Table 3) compared to non-protection. A 
remarkable regional variation in relative effectiveness of protection measures was apparent. 

Figure 3 shows that in absence of any nest protection populations would collapse during the 
next 20 years in all regions but Madrid. Figure 3 also suggests that, given demographic 
parameters used for the PVAs, protecting about 40% of the nests in Andalucia, Extremadura 
and Catalunya, and about 10% in Aragon, would be sufficient for preventing population 
declines in the next 20 years. Estimated costs per year to achieve that target range between 
303,732 and 455,598€ for Andalucia, 150,488 – 176,814€ for Extremadura, 20,181 – 24,521€ 
for Catalunya, and 7,392 – 11,088€ for Aragon (including labour costs for fieldwork, when 
relevant). 
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Surprisingly, the small population of Madrid seemed to be scarcely dependent on 
conservation in that region, but was affected by protection efforts in surrounding regions 
connected via dispersal (highlighted by the difference between the upper and lower plain 
lines in Figure 3). 

Sensitivity analyses indicate that varying fecundity and adult survival by 5 and 10% had a 
significant impact on the terminal extinction risk of the metapopulation (Table S7). The same 
result was found when dispersal was increased by 10%. In contrast, results appear to be not 
sensitive to changes (±5 and 10%) in juvenile survival. Visual inspection of the figures 
produced by changing in turn each demographic parameter by 5% (Figure S2-5) clearly 
shows thatthe overall results are most sensitive to changes in adult survival probability 
(compare Figure 3 and Figure S3), whereas changes in other parameters yield very similar 
results as those presented in figure 3. 

 

4. Discussion 
The results of this study clearly show that interventions targeted at protecting Montagu´s 
harrier nests in Spain have a high, albeit varying, incidence at increasing productivity and 
maintaining viable populations in cultivated landscapes. Average productivity at unprotected 
nests was less than 1.5 fledglings per pair except when the average difference between laying 
and harvest date approached two months (i.e. harvest occurring close to fledging time), which 
happens in very rare occasions in Spain. Our PVA results clearly show that, in absence of 
nest protection, harrier populations in farmland would collapse to levels close to extinction in 
20 years, thus supporting initial suggestions by (Arroyo et al. 2002).  

 

4.1Cost-effectiveness of different interventions 

Our results suggest that, in general, the most cost-effective interventions to increase 
productivity of nests in cultivated landscapes were relocation or removal of the chicks and 
harvest delay, although this varied according to region and context. Our PVA showed that 
relocation or removal significantly increased population size in the areas where it was 
implemented, and it is also very cost-effective (as no compensation to farmers is given, 
although it entails higher costs in terms of fieldwork). However, this conservation measure 
can only be applied if harvest happens after hatching, as harriers do not continue incubation if 
eggs are moved from the nest, even if temporarily (see the truncated lines in Fig. 2). 
Additionally, removal or relocation can only be implemented in areas where the straw is not 
packed immediately after harvest, or where landscape diversity is high and fields (or field 
margins) with standing vegetation are available close by the nest. This is frequently not the 
case in increasingly intensive agricultural areas, including Spain. Harvest delay, even if it 
carries high additional compensation costs, was the most cost-effective method in situations 
of colonial nesting and low cereal productivity (thus low compensation costs). In contrast, 
harvest delay was among the least cost-effective methods in areas where crop productivity is 
high, and when the difference between harvest and laying date is small. The latter implies 
that the farmer is asked to postpone harvest for several weeks after the planned date, such as 
the case in Catalunya, thereby increasing compensation costs. We show that about 40% of 
nests should be protected with harvest delay in Catalunya to prevent population declines (or a 
higher proportion if adult survival is lower, see below and Fig. S3). This leads to the question 
of long-term viability of protection strategies in those circumstances, because costs would 
increase with growing populations needing protection. A relevant issue in Catalunya, and 
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possibly other regions, concerns whether it would be more effective in the long-term to 
concentrate efforts in the non-farmland sector of the breeding population compared to arable 
land where protection is more expensive (Cardador et al. in prep.). Proactive management 
that would result in a progressive shift in breeding numbers from expensive farmland to 
cheaper to manage farmland or non-farmland areas could be feasible for this species due to 
its semi-colonial breeding system and conspecific attraction behaviour (Arroyo et al. 2001). 

Retention of a small buffer of un-harvested crop around the nest, despite being often cheaper 
than the other interventions, was not the most effective intervention for ensuring viable 
populations. This is interesting, considering that this is the most commonly applied measure 
in Spain (e.g. in our data set, 53% of protected nests had this type of intervention). The vast 
majority of buffers used in our studies (and elsewhere in Spain) were without a fence and of 
small size. As a result, after harvest, the nest is left in a small and visible patch of standing 
crop which may attract ground and aerial predators. Predation may thus explain the lower 
productivity observed at nests under this protection measure compared to removal or 
relocation and delay harvest, where the chicks are instead in a less conspicuous environment 
and thus less detectable by predators. Nest predation is recognized as perhaps the major cause 
of nestling mortality (Martin, 1995), particularly for ground-nesting species (Rickenbach et 
al. 2011; Schekkerman et al. 2009) and is often dependent on nest concealment (see e.g. 
(Gillis et al. 2012). 

A potential improvement for conservation management using a buffer would thus be the 
addition of a protective fence around it. In the Netherlands, retention of a small buffer 
surrounded by a fence proved successful in protecting Montagu´s harrier nests, and it was 
readily accepted by local farmers (Koks and Visser, 2002). Similar evidence is also available 
from France (Santangeli 2013). There is however a need to evaluate whether the use of a 
protective fence around small buffers would be effective in the Spanish landscape (where 
there are many avian predators in addition to ground mammals; e.g., post-harvest predation of 
Montagu´s harrier nestlings by white storks Ciconia ciconia has been described as very high 
in areas like Extremadura), and also if it would be acceptable by farmers in this agronomical 
context and how much additional costs it would entail. 

Overall, the projected population collapses in absence of nest protection call for an 
administrative engagement in order to maintain the EU commitments of protecting this 
Annex1 species. However, estimated costs for implementing even the most cost-effective 
measures in each region may be too high, and this may pose a problem for administrations 
that have few resources and a wide variety of environmental responsibilities. Therefore, 
finding ways to reduce costs (and increase the cost-effectiveness of available measures), and 
identifying self-sustaining options for Montagu´s harrier conservation may help in decision 
making. 

 

4.2 Novel approach and possible biases 

Our approach of first evaluating the relative cost-effectiveness of alternative interventions, 
and then run a PVA following a Latin hypercube scenario setting, goes a step forward in the 
way we look at effectiveness of different measures for conservation. It allowed us to simulate 
population trajectories across a full continuous range of resource allocation scenarios for each 
intervention, and ultimately model which alternative is the most effective at enhancing 
population size in the medium term, and estimate overall costs for achieving population 
persistence. Traditionally, evaluations of conservation interventions have mainly stopped at 
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the point of providing which measure provides the best impact on key demographic 
parameters (Grüebler et al. 2012; Santangeli et al. 2012). When this has been taken forward 
by looking at future population trajectories (e.g. using PVA), it has been usually based on 
fixed scenario setting (e.g. categorising a continuum of options into few discrete scenarios; 
Arroyo et al. 2002; Di Minin et al. 2013). In addition, costs for conservation actions have 
seldom been explicitly considered (but see e.g. Martìnez-Abraìn et al. 2011). In reality, 
practitioners and decision-makers are often faced with a continuum of resource allocation 
options and budget constraints. Explicitly incorporating such a continuum in a cost-
effectiveness analysis allows delivering realistic and easy-to-use results for practitioners and 
decision-makers. 

Unfortunately, when working with previously collected monitoring data there is always a risk 
of low data accuracy and precision. We openly acknowledge these through our study by 
applying a conservative approach, e.g. by using only data from sites where non-protected 
nests where also monitored, asking the owners of the data for clarifications, eventually 
excluding some data, running additional analyses to verify the robustness of results. Despite 
these precautions, there may still be some biases relating to the way the nests are allocated to 
a specific protection measure or left unprotected. Ideally this allocation would have been 
done at random, but it is likely that protection measures for particular nests where selected 
based on a priori assessment of their chances to succeed. If this was the case, then the 
productivity values for such interventions might have been overestimated, while values for 
unprotected nests underestimated. On the other hand, fieldworkers might have also left 
unprotected those nests that they subjectively considered having higher chances of 
succeeding even if left unprotected. 

Furthermore, the accuracy of our PVA output depends on the accuracy of the demographic 
information we inputted. Fortunately, there is relatively good information regarding survival, 
fecundity and dispersal of Montagu´s harrier populations from Spain and France (see 
methods section above), which renders the outcome of our PVA rather robust. Additionally, 
we reported results of a sensitivity analysis showing that the population trajectory of the 
species may significantly change when some key demographic parameters are changed. This 
is a rather common and expected result (see e.g. Di Minin et al. 2013; Martìnez-Abraìn et al. 
2011). Specifically, our PVA results seem to be highly sensible to even small changes (e.g. 
5%) in adult survival (compare Figure 3 and Figure S3). This calls for caution in interpreting 
the results, but also underscores the need to gather more accurate information on adult 
survival. In fact, reduced adult survival, owing to factors operating at different spatial and 
temporal scales than the one considered here (e.g. wintering and migration grounds; Limiñana 
et al. 2012), may hinder even the most expensive programs aimed at enhancing breeding 
productivity in Spain. 

 

5. Conclusion 
We provide evidence for the medium-term cost-effectiveness of different conservation 
measures implemented to protect nests of a ground-nesting farmland species. Our results 
highlight the importance of nest protection, which is crucial in order to maintain viable 
populations in many regions. We provide clear evidence for how resources should be 
allocated in each region, and how much this will cost. Such information is particularly 
valuable for practitioners in order to take evidence-based management decisions under 
critical conditions of cuts in conservation budgets and increasing priorities. Conservation 
approaches requiring increasingly higher economic inputs (as a result, e.g., of increased 
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sections of a population to protect) are highly liable of becoming costly conservation traps 
(Cardador et al. in prep.). Finding viable solutions in the long-term is thus crucial. 

The interventions for protecting Montagu´s harrier nests considered in this study have been 
implemented for years in several Regions of Spain, as well as in France, Italy, Poland, the 
Netherlands, Germany, Belarus and possibly other areas. In Spain, these measures entailed 
yearly investments, sometimes rather large, from local authorities or conservation NGOs 
(Arroyo et al. 2003). However, to date an assessment of the relative effectiveness of 
implemented interventions was still missing, and conservation decisions had to be made in 
the dark or based on anecdotal or traditional evidence. This is unfortunately still a common 
situation for practitioners worldwide, and can largely reduce the potential impact of already 
scarce conservation resources (Martínez-Abraín and Oro 2013; Sutherland et al. 2004). We 
thus expect that this study, beside its high relevance for Montagu’s harrier protection, will 
serve as an example to stimulate a wealth of other similar studies within this critical branch of 
conservation science. 
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Table 1. Results of mixed models assessing the impact of conservation (Cons. type: 
removal/relocation, delay harvest, buffer and unprotected nests) and the extent of the 
difference between harvest and laying date (∆(harvest-laying date)) on productivity of 
Montagu´s harrier nests in Spain. 

Variable 
Num/Denom 

DF F p 
Intercept a 1/116 9.6 0.002 
Cons. Type a 3/153 14.9 <0.001 
∆(harvest-laying date) a 1/112 26.43 <0.001 
Cons. Type*∆(harvest-laying date) b 3/156 1.65 0.18 

 

a Variables entered in the same model (including only intercept and the two main effects) for 
which values are reported. 
b Results of the interaction term tested in a separate model (including also the main effects). 
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Table 2. Added costs and benefits of different conservation measures. Extra productivity depicts the added productivity per nest resulting from 
the application of a measure as opposed to the reference level of non-protection (based on productivity values from the model presented in Table 
S2). Costs of intervention refer to direct payments to farmers for protecting each nest. Extra fieldwork depicts the number of added fieldwork 
days required for the application of a measure, while extra costs depict the sum of added costs for extra fieldwork and direct application of a 
measure (costs of intervention). 

 

Extra 
productivity 

Costs of 
intervention 

Extra 
fieldwork 

Extra 
costs1 

Extra 
costs2 

Extra 
fledglings/100€1 

Extra 
fledglings/100€2 

Buffer 0,4 24 3 324 474 0,12 0,08 
Delay harvesta  

(cereal, low productivity, colonial 
nesting) 

0,78 83 1 183 233 0,43 0,33 

Delay harvestb  
(cereal, high productivity, isolated 
nesting) 

0,78 360 2 560 660 0,14 0,12 

Delay harvestc  
(alfalfa, isolated nesting) 0,78 700 2 900 1000 0,09 0,08 

Removal/relocation 1,11 0 4 400 600 0,28 0,19 

Unprotected 0 - - - - - - 
 
1Assuming basic fieldwork (search and monitoring only) per nest to be 2 days, and 100€ per day of labour 
2Assuming basic fieldwork (search and monitoring only) per nest to be 2 days, and 150€ per day of labour 
aCosts of intervention per nest are calculated with data from Extremadura, with payments of 500-1000€ for delaying harvest in fields of 10 to 30 ha (622€ per field or 46€ per 
ha on average), and 7 nests per field (average observed values in that area) (from Gómez-Calzado, 2009 in Appendix A). 
bCosts of intervention per nest are calculated with data from Catalunya, as 360€ per ½ ha around a nest (M. Pomarol, pers. comm.) 
cCosts of intervention per nest are calculated with data from Catalunya, as 700€ for ½ ha around a nest (M. Pomarol, pers. comm.)
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Table 3. Results of five separate GLMs (Poisson distr. with log link) evaluating the impact on 
final population size, of varying resource allocation to different protection measures in each 
region with reference to non-protection. The sign of the coefficients indicates whether a 
measure increased or decreased population size in that region after 20 years of simulation 
using PVA (see methods) compared to non-protection. The most effective measures in each 
region are in bold font. RemRel stands for removal or relocation of nestlings. Note that not all 
measures were implemented in each region (see Table S1). 

  Coeff SE T P 
Andalucia 

    buffer 0.017 0.004 4.21 <0.001 
RemRel 0.046 0.005 9.56 <0.001 

Aragon 
    buffer 0.049 0.007 7.44 <0.001 

RemRel 0.053 0.006 9.15 <0.001 
Delay -0.071 0.006 -12.27 <0.001 

Extremadura 
    buffer -0.002 0.002 -1.42 0.159 

RemRel 0.006 0.002 3.95 <0.001 
Delay 0.015 0.002 9.21 <0.001 

Madrid 
    buffer -0.001 0.001 -0.98 0.329 

RemRel 0.001 0.001 1.04 0.299 
Catalunya 

    Delay 0.121 0.005 25.37 <0.001 
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Fig. 1. Map with location of the ten study sites within five regions of Spain. Letters refer to 
codes indicated in Table S1. 
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Fig. 2. Significant increase in Montagu´s harrier productivity with increase in the difference 
between harvest and laying date among the four conservation types considered. Reported 
values are based on predictions from a model which included only conservation type and 
difference between harvest and laying date as main effects (Table 1). Predictions are only 
made on the range of values for difference between harvest and lay dates for which actual 
data exists for each conservation measure. 
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Figure 3. Final population size after 20 years of simulation with increasing proportions of nests protected with the most effective measure as 
indicated by the GLMs (in bold font in Table 3) in each region. These measures where removal or relocation in Andalucia, Aragon and 
Madrid, and harvest delay in Extremadura and Catalunya. The figure is based on values directly obtained from PVA at varying proportions 
of protection under the most effective measure, while other less effective measures are here ignored. The two curved lines in each panel 
depict the scenarios where there would be no protection in each of the other four regions (lower line; based on productivity of unprotected 
nests, see values in Table S4), and where all nests in other regions are protected with the most effective measure per region (upper line). The 
long dashed horizontal line in each panel depicts the population size at the start of the simulation period (see Table S5). For a detailed 
account how the PVAs were run, see methods. 
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SUPPLEMENTARY MATERIAL 

Table S1. Datasets used in the analyses, and their corresponding source. The list of complete references is available as supporting material (Appendix A). The 
letter indicated under “code” depicts the site location as indicated in Figure 1. 

Region Site Code Study years Conservation type adopted Total 
monitored 
nests  

Reference 

Andalucia Tarifa, Cadiz A 2006 Buffer without fence 21 Gonzalez Perea 2006 

Andalucia Huelva B 1994 Buffer without fence, Relocation, Removal 50 Barroso & Parra 1995 

Andalucia Huelva C 2006 Buffer without fence 33 Herrera Mariscal 2006 

Aragon Huesca  D 1990-2001 Buffer (with and without fence), captive rearing, 
harvest delay, relocation, removal 

99 Moreno et al. 1995 (and email data) 

Catalunya Lleida E 1986-2000 and 2006-
2011 

Buffer without fence, harvest delay 514 Pomarol et al. 1995, (and email data from 
Generalitat de Catalunya, unpubl. Data) 

Extremadura La Albuera, Badajoz F 1987-1991 Removal 102 Corbacho et al. 1995, 1999 (and email data) 

Extremadura La Serena, Badajoz G 2001-2007 Buffer without fence, harvest delay 956 Gomez-Calzado 2006, 2009 

Extremadura La Serena, Badajoz G 1996 Buffer (with and without fence), harvest delay, 
relocation, removal 

124 Gomez-Calzado et al. 1996 

Extremadura La Serena, Badajoz G 2000-2006 Buffer (with and without fence), harvest delay, 
relocation, removal 

686 Calderon Carrasco 2006 

Extremadura Montijo, Badajoz H 2002-2006 Buffer, captive rearing, harvest delay, removal 155 Alvarez Delgado 2006 (and email data) 

Madrid Southern Madrid I 2004-2006 Removal, captive rearing 85 Galan Crespo et al. 2006 

Madrid Northeast Madrid J 1992 Buffer without fence, Relocation, Removal 61 Hernandez & Fernandez 1995 

Madrid Northeast Madrid J 2006-2008 Buffer without fence, Relocation, Removal 30 Prieto et al. 2006, 2007, Prieto 2008 (and 
email data) 
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Table S2. Results of mixed models separately assessing the impact of conservation (buffer, delay harvest and removal/relocation) against unprotected nests, and the extent of the 
difference between harvest and laying date (∆(harvest-laying date)) on productivity of Montagu´s harrier nests in Spain. The least-square estimates (and standard errors within 
brackets) for each conservation measure as well as those from the associated unprotected nests are also provided (two right-most columns). Only main effects (thus no 
interactions) were included in these three models. 

Model Variable 
Num/Denom 

DF F p 
 

Estimate (SE) for 
protection 

Estimates (SE) for 
unprotected 

Buffer: Intercept 1/26 1.21 0.28 
   

 
Cons. Type (Buffer vs. unprot.) 1/51 4.50 0.04 

 
1.60 (0.15) 1.20 (0.15) 

 
∆(harvest-laying date) 1/29 3.94 0.06 

   
Delay: Intercept 1/56 3.17 0.08 

   
 

Cons. type (Delay vs. unprot.) 1/64 21.50 <0.001 
 

1.80 (0.12) 1.02 (0.14) 

 
∆(harvest-laying date) 1/57 21.50 <0.001 

   
Removal/Reloc: Intercept 1/60 2.54 0.12 

   

 

Cons. type (Removal/rel. vs. 
unprot.) 1/60 35.21 <0.001 

 
2.05 (0.14) 0.94 (0.13) 

  ∆(harvest-laying date) 1/60 6.72 0.01       
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Table S3. Key demographic parameter values used to run the PVA simulations in RAMAS metapop 
5.0. Survival is given for each of the seven life-stages used in analyses, while the range of fecundity 
values is also reported for each region and was the only parameter that changed in each otherwise 
identical scenario. Juv.,Sub-ad and Ad. stand for juvenile, sub-adult and adult, while numbers at the 
end of sub-adult parameters separate one and two year old sub-adults (12-24 and 24-36, respectively). 

Parameter  a Mean SD 
Juv. survival male 0.62 0.12 
Juv. survival female 0.62 0.12 
Sub-ad. survival male 12-24 0.80 0.07 
Sub-ad. survival male 24-36 0.80 0.07 
Sub-ad. survival female 12-24 0.85 0.06 
Ad. survival male 0.80 0.07 
Ad. survival female 0.85 0.06 

Fecundity:  b Range SD 
Andalucia 0.41 - 1.07 0.05 
Aragon 0.41 - 0.90 0.05 
Madrid 0.62 - 0.98 0.05 
Extremadura 0.54 - 0.85 0.05 
Catalunya 0.29 - 0.70 0.05 

  a Survival was held fixed to the above values for all the PVA simulations. 
  b Fecundity was manually changed for each scenario and for each population in each region 
according to the resulting value obtained by the random allocation of conservation resources (i.e. 
proportion of nests under each protection status) among the protection measures and unprotected, and 
according to the productivity within each region and measure (see methods in the main text for further 
details).  
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Table S4. Average productivity (number of fledglings produced per nest) and count of nests (N) from 
which the average value was obtained, for each protection measure, as well as unprotected, in each of 
the five regions considered for study. These values are the ones that were used to calculate the 
fecundity for each scenario in each region, based on a randomly assigned proportion of nests to each 
protection measure as well as unprotected (see methods). 

 
Buffer 

 
Delay 

 
Remov/Reloc 

 
Unprotected 

Region: Mean N 
 

Mean N 
 

Mean N 
 

Mean N 
Andalucia 1,77 21 

    
2,46 37 

 
0,77 46 

Aragon 2,02 30 
 

0,67 7 
 

2,22 28 
 

1,02 33 
Catalunya 

   
1,57 341 

    
0,64 79 

Extremadura 1,46 997 
 

2,01 304 
 

1,80 151 
 

1,16 561 
Madrid 1,98 23 

 
    

 
2,23 53 

 
1,35 79 

Note that in Catalunya, also a buffer measure was applied, but only to three nests in one year. We thus 
decided to not consider buffer in that region due to a too low sample of nests which would have most 
likely led to low reliability in the mean productivity value. 
See also Table S1 for further information on the source of the used data for each region. 
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Table S5. Total initial population size (rightmost column) for each region, and its breakdown among 
the seven life stages considered for the PVA simulations (see methods in main text of the study for 
further details). These values were held fixed across all simulations run. 

Region: 
Juv F 
0-12 

SA F 
12-24 

Ad F 
24+ 

Juv M 
0-12 

SA M 
12-24 

SA M 
24-36 

Ad M 
36+ Total 

Andalucia 0 144 1298 0 72 72 1298 2884 
Aragon 0 20 176 0 10 10 176 392 
Extremadura 0 114 1034 0 58 58 1034 2298 
Madrid 0 12 100 0 6 6 100 224 
Catalunya 0 6 62 0 4 4 62 138 
Juv, SA and Ad stand for juveniles, sub-adults and adults, respectively. M and F for male and female, 
while the following number depicts the age stage in months 
Values adjusted from a census of breeding pairs done in 2006 across Spain (Arroyo and Garcia  2007). See 
methods for further details how these values have been obtained for each sex and age class. Since the 
census was done during the breeding season, we assumed no juveniles were present, as those born in 
previous year were assumed to have passed into the first sub-adult stage already. 
a In Catalunya, only the census data from populations breeding on arable land (Lleida province) were 
included as they are target of protection, while those breeding in natural vegetation areas (Barcelona, 
Girona and Tarragona) were excluded.  
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Table S6. Dispersal matrix which defines the connectivity between the five regions under study based 
on their relative approximate distance. This matrix was used and held constant across all the PVA 
simulations. 

Region: Andalucia Aragon Extremadura Madrid Catalunya 
Andalucia   0,00 0,01 0,01 0,00 
Aragon 0,00   0,00 0,01 0,01 
Extremadura 0,01 0,00   0,01 0,00 
Madrid 0,01 0,01 0,01   0,01 
Catalunya 0,00 0,01 0,00 0,01   

Populations from regions with dispersal values of zero in the above matrix are roughly over 600km 
apart from each other. Liminana et al. (2012) report no cases of dispersal beyond such a distance. 
Populations from regions with dispersal values of 0.01 in the above matrix are those closer than 
600km from each other. It is difficult quantify dispersal from closeby regions, as most dispersal 
events will occur within a region (Liminana et al. 2012). We thus arbitrarily assigned a 1% dispersal 
connectivity between nearby (dist.<600km) regions. 
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Table S7. Sensitivity analysis results for key demographic parameters as well as dispersal, using 
increments of ±5 and 10% in the mean parameter values. Different letters depict statistically 
significant pair-wise differences in the values of terminal extinction risk according to Kolmogorov-
Smirnov test of significance. Ad stands for adult and Juv stands for juvenile life-stages. The column  
named as default model depicts the base-line model used for analyses and for which results were 
presented in the main manuscript body. For a graphical representation of how the main results change 
with ±5% the orginal values of fecundity, adult and juvenile survival, and 5 and 10% increase in 
dispersal, see figures S2-5. 
 
Paramter changed: Default Model ±5% ±10% 
All stage matrix a b c 
Fecundity a b c 
Ad survival a b c 
Juv Survival a a a 
Dispersal a a a b 

 
a For dispersal, we increased the values in the dispersal matrix to 0,05 and 0,1 (that is, increased to 5 and 10%, respectively). 
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Figure S1. Cost-efficiency (extra fledglings per 100€ invested) of delaying harvest in Extremadura 
(with costs of 622€ per field) according to the number of nests in each protected field. Values assume 
labour costs of 100 or 150€ per day (dark and light grey bars, respectively; see Table 2 for 
calculations). Horizontal lines indicate cost-effectiveness values for “removal” assuming 100 and 150 
€ per day of labour (plain and dashed line, respectively; see Table 2), for comparison. 
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Figure S2. Sensitivity of the main results (final population size as in figure 3 in main text) to a 5% 
increase (left panels) and 5% decrease (right panels) in fecundity values. Lines depict the 
trajectory of final population size after 20 years of simulation with increasing proportions of 
protected nests in each of the 5 regions (upper line when all other populations are fully 
protected, lower line when they are fully unprotected; see figure 3 for further details). All 
other parameters were left unchanged. Note that while the scale of the Y axes is changed 
from that of figure 3, it is kept the same for the left and right panels of this figure to ease 
comparisons.  
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Figure S3. Sensitivity of the main results (final population size as in figure 3 in main text) to a 5% 
increase (left panels) and 5% decrease (right panels) in adult survival values (for males and 
females simultaneously). Lines depict the trajectory of final population size after 20 years of 
simulation with increasing proportions of protected nests in each of the 5 regions (upper line 
when all other populations are fully protected, lower line when they are fully unprotected; see 
figure 3 for further details). All other parameters were left unchanged. Note that while the 
scale of the Y axes is changed from that of figure 3, it is kept the same for the left and right 
panels of this figure to ease comparisons.  
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Figure S4. Sensitivity of the main results (final population size as in figure 3 in main text) to a 5% 
increase (left panels) and 5% decrease (right panels) in juvenile survival values (for males and 
females simultaneously). Lines depict the trajectory of final population size after 20 years of 
simulation with increasing proportions of protected nests in each of the 5 regions (upper line 
when all other populations are fully protected, lower line when they are fully unprotected; see 
figure 3 for further details). All other parameters were left unchanged. Note that while the 
scale of the Y axes is changed from that of figure 3, it is kept the same for the left and right 
panels of this figure to ease comparisons.  
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Figure S5. Sensitivity of the main results (final population size as in figure 3 in main text) to a 5 
and 10% increase (left and right panels, respectively) in dispersal values. Lines depict the 
trajectory of final population size after 20 years of simulation with increasing proportions of 
protected nests in each of the 5 regions (upper line when all other populations are fully 
protected, lower line when they are fully unprotected; see figure 3 for further details). All 
other parameters were left unchanged. Note that while the scale of the Y axes is changed 
from that of figure 3, it is kept the same for the left and right panels of this figure to ease 
comparisons. 
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